Shape memory and superelastic NiTi are often utilized for their large strain recovery and actuation properties. The objective of this research is to utilize the stresses generated by prestrained NiTi as it is heated in order to tailor the CTE of metalmatrix composites. The composites studied consist of an Al 3003-H18 matrix with embedded NiTi ribbons fabricated through an emerging rapid prototyping process called Ultrasonic Additive Manufacturing (UAM). The thermally-induced strain of the composites is characterized and results show that the two key parameters in adjusting the effective CTE are the NiTi volume fraction and prestrain of the embedded NiTi. From the observed behavior, a constitutive composite model is developed based constitutive SMA models and strain matching composite models. Additional composites were fabricated to characterize the NiTi-Al interface through EDS and DSC. These methods were used to investigate the possibility of metallurgical bonding between the ribbon and matrix and determine interface shear strength. Interface investigation indicates that mechanical coupling is accomplished primarily through friction and the shear strength of the interface is 7.28 MPa. Finally, using the developed model, a composite was designed and fabricated to achieve a near zero CTE. The model suggests that the finished composite will have a zero CTE at a temperature of 135 • C.
INTRODUCTION
Shape Memory Alloys (SMAs) have unique properties due to a stress and temperature-dependent phase transformation between martensite, the low-temperature/high-stress phase, and austenite, the high-temperature/low-stress phase. While this transformation is most widely utilized for actuation purposes via the shape memory effect and high strain components through the superelastic response of initially austenitic alloys, this research utilizes the phase-dependent modulus of SMAs and their ability to generate transformation stresses when they are heated in an initially prestrained state. By embedding SMA elements within a metal-matrix composite, changes in elastic modulus allow for variable matrix reinforcement while transformation stresses can create axial loads, both of which are utilized to create unique thermally-induced strain responses. An SMA metal-matrix composite can be designed such that the stress that develops due to phase transformation and strain recovery can be utilized to offset the Coefficient of Thermal Expansion (CTE) of the matrix.
Composites in this research are fabricated using Ultrasonic Additive Manufacturing (UAM), a rapid prototyping technology based on ultrasonic metal welding. In ultrasonic metal welding, two workpieces are held together under a compressive load and ultrasonically vibrated relative to one another. The motion creates a friction-like action that disrupts surface oxides and shears surface asperities on a micro-scale creating nascent surfaces [1, 2] . The compressive load applied to the pieces causes opposing clean metal surfaces to form metallic bonds, thus join- ing the two components. During UAM consolidation, illustrated in Figure 1 (a), the ultrasonic vibrations are generated by piezoelectric transducers and transmitted to the workpieces through tuned waveguides and a rolling sonotrode which is specially textured to grip the top workpiece. The primary benefit of UAM is the low process temperatures. Pieces are consolidated at room temperature and macro-scale heating results in temperatures below 195 • C [3] .
UAM makes it possible to embed thermally-sensitive materials such as SMAs, electroactive PVDF, fiber optics, and electronic components within a metal-matrix [4] [5] [6] [7] which would not be possible with other metal-matrix composite technologies that require melting or high temperature diffusion for fabrication. During the welding phase, the ultrasonic vibrations of the workpieces and compressive stresses cause plastic deformation of the matrix material. The result is plastic flow of the matrix material around the embedded objects, creating close contact, mechanical interlocking, and possibly solid-state bonding between the composite components. To date, fibers ranging from 76 µm to 381 µm in diameter, Figure 1 (b), and ribbons up to 762 µm wide have been successfully embedded via UAM [3, 8, 9] .
The key to tailoring thermally-induced strain with SMAs is to prestrain the embedded elements prior to embedding, transforming the twinned martensitic phase to detwinned martensite. When constrained and heated in the detwinned martensite phase, SMAs generate a tensile recovery stress, or blocking stress, that is nearly proportional to temperature [10] [11] [12] . During this heating cycle, as long as the SMA is perfectly constrained and does not under go plastic deformation, it will remain in its original detwinned martensitic phase. Creating metal-matrix composites with prestrained SMAs can be challenging as traditional methods such as casting or diffusion based processes have high temperature periods where the surrounding matrix will not provide constraint against the transforming and recovering SMA elements. Being a low temperature process, UAM is uniquely suited for creating SMA metal-matrix composites as the low temperature prevents transformation and subsequent recovery of the applied prestrain.
Due to the difference in CTE of the Al matrix and NiTi elements as well as blocking stresses generated by the embedded SMA, the fiber-matrix interface is subject to temperature dependent stresses. The nature of the interface between the matrix and embedded SMA elements in UAM remains a critical issue in designing and modeling smart UAM composites. If the interface fails to maintain the constraint on the SMA elements, the initial prestrain in the composite will be recovered upon heating, thus irrevocably changing the unique thermomechanical behavior of the composite.
In this paper, the thermally-induced strain of NiTi-Al UAM composites is examined to develop a constitutive model of the composite system. The interface between the NiTi and Al components of UAM composites is also investigated through Energy Dispersive X-ray Spectroscopy (EDS) and Differential Scanning Calorimetry (DSC) for use in determining the nature of the NiTiAl coupling and strength of the interface. Lastly, using the composite model, a thermally-invariant composite is designed and fabricated.
EXPERIMENTAL PROCEDURE Sample Fabrication
Three initial UAM composites were created to observe the thermomechanical behavior of NiTi-Al UAM systems. In these composites, the NiTi ribbons were heated in an unconstrained state to transform them to austenite and allowed to cool to form twinned martensite. While these composites were not expected to display constrained NiTi behaviors, they were created to characterize the thermo-elastic behavior of the composites. In fabricating the composites, two 152 µm thick Al 3003-H18 tapes were first consolidated on an Al 3003-H18 base plate. Rectangular NiTi ribbons, 254 µm by 762 µm, were placed on top of the second tape surface and clamped into position. Two additional Al tapes were consolidated over top of the ribbons to complete the UAM build. The composites were next machined to final dimensions and the base plates removed from the underside of the composites. Composites 1, 2, and 3 have NiTi volume fractions of 5%, 15%, and 20%, respectively.
Two additional composites were created in a similar manner with detwinned NiTi ribbons. The fabrication procedure for composites 4 and 5 is identical to that of 1-3, however then NiTi ribbons were fully detwinned by applying dead weight resulting in a tensile stress of 186 MPa, three times greater than the observed critical finish stress of this alloy at room temperature. Composite 4 was sectioned and polished for EDS analysis to study the NiTi-Al interface while composite 5 was machined to create a 15% NiTi composite and subsequently cut into three samples for DSC testing to observe the strength of the NiTi-Al interface. In both cases, the composites were cut to length using a lubricated low speed diamond precision saw to avoid heating and transformation of the NiTi ribbon at the cutting plane.
Thermomechanical Testing
For composites 1-3, thermally-induced strain was measured by heating the composites in a thermal chamber with an Al 3003-H18 reference sample for three cycles from 25 • C to 100 • C. During thermal cycles, the strain of each composite was measured with a strain gage matched to aluminum alloys and the temperature of the composites was monitored with a thermocouple placed next to the strain gages.
Since the CTE of the reference sample is known, the strain signal from the reference sample was used to remove the thermal dependency of the strain gages from the composite strain signals. To determine the composite strain response, the strain measured from the reference sample was subtracted from the strain measured from each composite and then the calculated thermal strain of the reference sample was added to the composite strain measurements [13] :
(
Here, ε sig/comp is the non-compensated strain signal from the composite, ε sig/re f is the strain signal from the reference sample, α re f is the CTE of the reference material (23.2 µε/ • C [14] ), and ∆T is the change in temperature.
Interface Investigation
The polished section of NiTi-Al composite 4 was analyzed via EDS to observe composition across the NiTi-Al interface. EDS line scans were conducted at the top and bottom interfaces between the NiTi ribbon and Al matrix, shown in Figure 2 , the most likely sites for metallic bonding between the composite components. If bonding between NiTi and Al does occur during the UAM process, two key observations are expected. First, for metallic bonding to occur, the oxide layers of both workpieces must be removed. Second, diffusion also occurs with metallic bonding and thus, elements from the matrix and embedded SMA, namely Ni, Ti, and Al, are expected to migrate across the interface if such bonding is present. In the conducted line scans, the atomic percentage of Al, Ni, Ti, and O were recorded at each point in the scan and plotted as a function of distance from the interface.
In preparation for DSC analysis, each sample from composite 5 was placed in an Al test pan and a single empty test pan was used as a comparative reference for all measurements. Using DSC analysis, the transformation of NiTi can be observed by measuring the difference in power needed to heat the test pan with the sample and the empty reference pan to the same temperature. The martensite to austenite (M-A) transformation for NiTi is endothermic and results in a well defined negative region termed an "endothermic peak" [15] [16] [17] . Since the embedded NiTi ribbon in composite 5 is highly prestrained, the M-A transformation must be accompanied by a 6% strain recovery. The surrounding Al matrix is unable to accomodate a 6% contraction without plastic yielding or failure of the interface. As such, by noting the temperature at which the endothermic peak occurs, a failure temperature can be measured and used in conjunction with the NiTi-Al composite models to determine the strength of the NiTi-Al interface.
For each sample, two heating cycles were recorded during DSC measurement. Temperature was increased at a rate of 10 • C/sec to 200 • C for the first cycle of each sample and up to 120 • C for the second cycle in anticipation of lower transformation temperatures. Cooling was augmented by compressed air between cycles but was not recorded.
RESULTS AND DISCUSSION Thermomechanical Testing
The temperature versus strain plots of composites 1-3 are shown in Figure 3 (a)-(c). For clarity, only the repeatable cycles, 2 and 3, are shown as the initial cycle is different than subsequent stable cycles. This initial behavior is believed to be due to a minute amount of residual detwinning and initial mechanical loading of the SMA elements from composite manufacturing. Similar effects have been observed in thermal cycling of constrained SMAs [10, 11] . An in-depth analysis of this initial, non-repeatable behavior has been discussed in previous work [3] .
All three composites exhibit two linear regions corresponding to the martensite and austenite phases of the embedded NiTi ribbons. The difference between the slopes of the two linear regions is small in composite 1, however, the effect becomes more pronounced as NiTi volume fraction increases as displayed in the behaviors of composites 2 and 3. Since NiTi has a lower CTE than the Al matrix, the inclusion of NiTi elements will reduce the total composite CTE, α comp , to varying degrees based upon the fiber volume fraction and phase dependent modulus [18] [19] [20] :
Here, ν is the NiTi fiber volume fraction of the composite, E Al , E NiTi , α Al , and α NiTi are the elastic moduli and CTEs of Al and NiTi, respectively. At high temperatures, the modulus of the embedded NiTi increases, due to transformation to austenite, thus reducing the total composite CTE. This results in a higher straintemperature slope at low temperatures and a lower slope at high temperatures corresponding to the higher and lower composite CTEs. Composite 2 has an additional behavior unique among composites 1-3. Starting at approximately 50 • C (∆T = 25 • C) a negative strain-temperature slope is observed resulting in a contraction until approximately 55 • C (∆T = 30 • C) whereupon the composite resumes a linear strain-temperature relationship. On cooling, the recovered strain is introduced back into the composite over a temperature range of approximately 50 • C to 40 • C (∆T = 25 • C to 15 • C). This hysteretic behavior and strain recovery are characteristic of the shape memory effect of NiTi. While composites 1-3 were fabricated with twinned martensitic NiTi ribbons, this behavior indicates that the ribbons in composite 2 are partially detwinned. This is likely an effect of the rolling action of the UAM sonotrode applying tensile stresses along the ribbons during the embedding process. The unique behavior of composite 2 illustrates the significant effect detwinning of the embedded SMA elements can impart on the total composite response.
Composite Modeling
To model the thermal strain response of the composites, a strain matching method, similar to models used for SMA-epoxy composites [21] [22] [23] , was employed. Under the condition that the interface remains intact, the strain in the fiber direction is identical for the Al matrix and NiTi ribbons. Further, the Al and NiTi strains can be expanded into their constituent components for mechanical, thermal, and transformation strain, as applicable:
and
where ∆σ is the change in total stress from the initial state, ξ s is the stress-induced martensitic volume fraction, ξ so is the initial stress-induced martensitic volume fraction, and ε L is the maximum recoverable strain of NiTi.
In the thermally-induced strain tests, no external load is applied; the composite is allowed to freely expand or contract as the temperature changes. As such, a force balance is used to obtain the stress in the Al matrix in terms of NiTi stress:
where A NiTi and A Al are the cross sectional areas of the NiTi ribbons and Al matrix, respectively. The variable change from cross sectional area to fiber volume fraction can be made because the NiTi ribbons provide long-fiber reinforcement of the Al matrix and the lengths of both components are equal, L NiTi = L Al . Assuming zero initial stress, the stress in the ribbons can be obtained as a function of temperature, material properties, volume fraction, and NiTi transformation terms by substituting (5) into (3), equating to (4), and solving for σ NiTi :
This equation has two components: the first is the thermo-elastic component which any composite exhibits if a CTE mismatch exists between the fibers and matrix; the second is due to the transformation-induced strain recovery of NiTi if it is embedded in a detwinned state (ξ so = 0). If the embedded NiTi elements are not prestrained before fabrication, only the thermo-elastic stress component remains but is non-linear due to the change in modulus as the NiTi ribbons transform between martensite and austenite. Once the NiTi stress is calculated it can be used in (4) to determine total composite strain:
The same result is obtained by calculating the Al stress and using it in (3).
Composites 1-3 were assumed to be consolidated in a twinned martensite state, having an initial stress-induced volume fraction of zero. As such, the initial models for thermallyinduced strain do not include the transformation strain recovery components and (7) becomes:
The strain calculation is completed by finding the elastic modulus of the NiTi ribbons as a function of martensitic volume fraction and the Al matrix as a function of temperature. The elastic modulus of the Al matrix is varied linearly using modulus values at different temperatures as found in the literature [14] . The elastic modulus of NiTi is found through a rule of mixtures between its martensite and austenite phases:
where E A and E M are the elastic moduli of austenite and martensite, respectively, and ξ is the total martensitic volume fraction. The martensitic volume fraction only decreases over the range defined by the austenite start and finish temperatures as composite temperature increases. Conversely, increasing volume faction only occurs over the martensitic start and finish temperatures while the composite temperature is decreasing. For the NiTi ribbons used in this study, the transition temperatures were found through electrical resistance tests and DSC and are shown in Table 1 with other experimentally derived material properties. Even in the thermo-elastic case, the increasing NiTi stress due to thermal mismatch of the NiTi ribbons and Al matrix necessitates using the stress-modified transformation temperatures which are assumed to vary linearly with stress [24] [25] [26] [27] . In the case of an initial stress-induced martensitic volume fraction (ξ so = 0) the transformation temperatures will increase further due to additional stresses generated from SMA strain recovery. The martensitic volume fractions are found through equations based upon the Brinson [24] and Liang and Rogers [25, 26] constitutive SMA models. For the M-A transformation the volume fraction is:
where
where C A is the stress influence coefficient for austenite transition temperatures. For the austenite to martensite (A-M) transformation the total volume fraction is calculated using:
where C M is the stress influence coefficient for the martensitic temperatures and is assumed to be equal to C A [27] . The thermo-elastic strains were modeled for each composite using the material properties found in Table 1 . The model output can be seen for composites 1-3 in Figure 4 (a)-(c), respectively. For composites 1 and 3 the strain model closely matches the strain observed in the experiments, including unique high and low temperature linear regions and a small amount of hysteresis. However, the model does not describe the negative straintemperature regions observed in composite 2. This confirms that the zero prestrain assumption is not valid when considering composite 2 and there is residual prestrain that was induced by the rolling action of the sonotrode during fabrication. The amount of prestrain and subsequent stress-induced martensite is determined by observing the amount of strain recovered as the NiTi ribbons go through the M-A transformation. The strain recovery region observed in composite 2 is consistent over multiple cycles. Because of this, the transformation is assumed to recover and induce a repeatable amount of stressinduced martensite as the composite is heated and cooled. To this end, an assumption is made that ξ s = ξ so × ξ where ξ is found from (10) and (13) for purposes of calculating composite strain. By taking the average strain of the rising and falling high temperature linear regions at T=65 • C, a temperature slightly beyond the M-A transformation region, and subtracting the modeled thermo-elastic strain for composite 2 at 65 • C, the total composite recovery strain, ε NiTi/X , is estimated to be 200 µε. To calculate the initial stress-induced volume fraction from the total observed strain recovery, the thermo-elastic strain component from (8) is subtracted from the total strain from (7),
where σ NiTi/X is equal to the second term of (6) . Considering E NiTi = E A and ξ s = 0 when the M-A transformation is complete,
Using 200 µε for ε NiTi/X , the initial stress-induced martensitic volume fraction is found to be 1.9%. Using (7) with the calculated value for ξ so , the red dashed line in Figure 4 (b) shows the thermally-induced strain model for composite 2 including the transformation strain component. With the inclusion of the transformation strain term, the model closely matches the experimental data and exhibits the expanded hysteretic region originally observed.
Interface Investigation
The change in atomic percent of elemental composition of EDS lines 1 and 2 are shown in Figure 5 . While EDS line scan points were taken at intervals of~1 µm, the resolution of the measurement is also dependent upon the electron interaction radii of the material being scanned. A Monte Carlo simulation of electron flight paths estimated interaction radii for Al and NiTi of 2.6 µm and 1.2 µm, respectively. The result of the interaction radii is that the EDS results will show a transition equal to the sum of the radii, 3.8 µm, as a scan transitions from a perfect, diffusionless interface between an Al and NiTi system. In considering the EDS results, a transition region greater than 3.8 µm will indicate the presence of diffusion while a transition less than or equal to 3.8 µm will indicate that there is no measurable diffusion between the materials.
Line scan 1 shows the Al to NiTi transition occurring over 3.0 µm while line 2 has a transition of 3.3 µm, both of which are below the threshold for measurable diffusion indicating that there is no diffusion based bonding between the NiTi and Al constituents. Further, in both line scans there is a peak in oxygen content as the Al and NiTi composition lines intersect. This indicates that at least one oxide layer is still present at the interface. A key aspect to bonding via UAM is the removal of surface oxide at the interface of the workpieces. From the EDS results, the ultrasonic vibrations generated for the consolidation process were not sufficient to create nascent surfaces at the NiTi-Al interface, thus making a metallurgical bond unlikely. While metallurgical bonding between NiTi and Al is doubtful, the SEM image in Figure 2 shows very close contact around the entire perimeter of the NiTi ribbon cross section. This indicates that the load transfer necessary for the behaviors observed in the CTE testing is accomplished through a friction dominated interface.
Results from the DSC measurements are shown in Figure 6 . Only the plots from samples 2 are shown, though the behavior for all samples are similar. The endothermic peaks observed in both cycles indicate the M-A transformation temperature range of the embedded NiTi ribbons and display the change in temperatures between the first and second cycles. Five key regions of interest are identified in the first cycle and are defined by either consistent behavior or transition points between areas of different behavior. Region (i) is the initial state and is characterized by the stabilization of the differential power measurement from the DSC system. Region (ii) is characterized by a nearly horizontal power versus temperature relationship. Region (iii) is defined by the a negative power-temperature slope prior to the endothermic transformation peak. Region (iv) is noted by the transition between region (iii) and the low temperature portion of the endothermic peak at temperature T x . Region (v) is the intersection of linear interpolations of the high temperature portion of the endothermic transformation peak and the consistent behavior at higher temperature characterized by an approximately horizontal power versus temperature curve.
An interpretation of the composite behavior at each region is shown in Figure 7 . At region (i), the composite is considered to be in a reference state to which all other regions are compared. Through region (ii), linear thermal expansion of the total composite is occurring. In region (iii), the temperature has surpassed the composite austenite start temperature, A σ s−1 . As the composite temperature increases, the NiTi ribbon generates recovery stress which is resolved as a compressive stress on the Al matrix. The result is an apparent reduction in CTE of the composite in this region due to the combined thermal and mechanical loading. At region (iv) the generated stresses overcome the shear strength of the NiTi-Al interface and transformation of the detwinned martensite continues unrestrained. As the NiTi ribbons transform they recover the induced prestrain, contracting within the Al matrix while, simultaneously, the Al matrix is able to freely expand as governed by its CTE. At region (v) the NiTi transformation and strain recovery is complete. Further heating results in linear thermal expansion of the composite. It is noted that while the NiTi ribbon has contracted within the Al matrix, there is still friction between the ribbon and matrix which allows load transfer and will govern thermomechanical properties of the composite. Region (vi) is cooling of the composite. During cool- ing and in subsequent cycles, the samples will behave similar to composites 1 and 3 due to the new zero prestrain condition and thermally-induced strain can be described by (8) .
Using the intersection of linear interpolations of different identified regions, several important temperatures are determined. The intersection of regions (ii) and (iii) is taken as the initial austenite start temperatures, A σ s−1 , as previously noted. This is different than the austenite start temperature of the ribbon, A s , due to the thermo-elastic stresses generated by the different CTEs of the Al and NiTi components, thereby increasing the transformation temperatures as a function of temperature. In a similar manner, the initial austenite finish temperature, denoted A σ f −1 , is different than the austenite finish temperature of the material, A f , however in this case it is due to generated blocking stresses in addition to the thermo-elastic stresses. The temperature at region (iv) is denoted T x and represents the onset of the NiTi-Al interface failure.
The second thermal cycle in Figure 7 shows the shift in the endothermic peak and transformation temperatures, A σ s−2 and A σ f −2 . The austenite start temperature of cycle 2 is lower than that of cycle 1 indicating that there was a persistent preload on the NiTi ribbon after embedding. This preload is likely due to a combination of tension developed during the clamping process and the rolling action of the sonotrode imparting a tensile load during embedding similar to the load in composite 2 that created the stress-induced martensitic volume fraction. A σ f −2 is significantly lower than A σ f −1 due to the absence of blocking stresses generated during heating above A σ s−2 . Further, cycle 2 does not exhibit a temperature range analogous to region (iii) in which blocking stresses were generated in the initial cycle. This is supporting evidence that all prestrain was recovered in the first cycle due to failure of the interface. The temperatures of interest for all 3 samples are given in Table 2 . The NiTi stress in the DSC samples was calculated using (6) assuming an initial stress induced volume fraction of 1. At the average failure temperature of 68.9 • C, stress in the NiTi due to thermo-elastic and recovery stresses is 174 MPa. Using the average tensile stress at failure, the ultimate shear strength at the interface was calculated:
where σ x is the NiTi stress at failure, A NiTi is the ribbon cross sectional area, and A shear is the interface surface area. The average shear stress at failure is found to be 7.28 MPa. While the recovery stress generated by the NiTi is not dependent upon ribbon length, the interface surface area is proportional to the length of ribbon embedded within the matrix. This implies that as composite length increases for similar NiTi-Al composites, so will the shear area, reducing shear stress and increasing failure temperature, eventually reaching a point where composite failure may occur through yielding of the NiTi elements, compressive yielding of the Al matrix, or buckling of the composite rather than interfacial failure.
Thermally-Invariant Composite
Utilizing the same procedure as used for composites 1-5, an additional composite was made with two 254 µm by 762 µm NiTi ribbons embedded at the midplane of the composite. Prior to embedding, the ribbons were detwinned by applying a dead weight, similar to the ribbons used in composite 5. The final composite is to be machined to have a NiTi volume fraction of 15%, similar to composite 2, however, due to the fully detwinned NiTi ribbons, the behavior of the new composite is expected to be substantially different.
Using the developed model, Figure 8 shows the predicted thermally-induced strain of composite 6. In heating the composite, prior to A σ s , the strain will be governed by linear thermal expansion, however at temperatures higher than A σ s , the recovery stresses are expected to nearly eliminate any strain in the composite due to additional thermal expansion. The increasing blocking stresses completely offset the thermal expansion of the composite at a temperature of 135 • C, after which the effective composite CTE becomes negative. It is noted that this behavior can be further tailored in future composites by selecting an SMA with lower transformation temperatures to reduce the linear CTE prior to the generation of blocking stresses and also by increasing the SMA fiber volume fraction to adjust the shape of the blocking force curve. The effect of volume fraction is demonstrated in Figure 8 . While the composite as designed will achieve a zero CTE at 135 • C, increasing the NiTi fiber volume fraction by 1% causes the zero CTE to be realized at 91 • C with further heating causing the composite to under go relative contraction with increasing temperature.
CONCLUDING REMARKS
In this research we have developed unique metal-matrix composites consisting of an Al matrix and shape memory NiTi ribbons. Composites were the subject of experimental characterization to determine their thermomechanical behavior and the nature of the NiTi-Al interface to construct an accurate composite model and ultimately create a thermally-invariant NiTi-Al composite structure.
Investigation of the thermomechanical behavior focused on the thermally-induced strain. It was found that while fiber volume fraction creates an increasingly variable bi-linear effect as the embedded NiTi undergoes the M-A transformation, the prestrain level of the embedded NiTi ribbons creates larger changes in the thermomechanical behavior and even allows for regions of negative CTE. The observed thermally-induced strain behavior was used to develop a model combining elements from strain matching composite models with thermodynamically based constitutive SMA models. The resulting model closely matches the thermally-induced strain behaviors observed for composites 1-3. The interface between the NiTi ribbons and Al matrix has also been characterized through EDS and DSC. Using EDS, no evidence of diffusion or metallurgical bonding was observed, indicating that the primary mechanism of load transfer between NiTi and Al is friction. Through DSC analysis, a failure temperature of small composite samples consisting of 15% highly prestrained NiTi by volume was obtained and used to determined the ultimate shear strength of the NiTi-Al interface, 7.28 MPa. While the blocking force of the NiTi ribbons is not dependent upon fiber length, the shear stress at the interface is, indicating that beyond a critical fiber length the interface is not a likely source of composite failure.
Based upon the behaviors observed and the model predictions, an additional composite was fabricated. This composite consists of 15% NiTi by volume which has been fully detwinned prior to embedding. The model predicts that above the A σ s temperature, the composite will have a drastically reduced effective CTE and ultimately a CTE equal to zero at 135 • C. Continuing work is focused on charcterizing the latest composite and developing new composites using SMAs with lower transition temperatures to attain zero CTE behavior near room temperature.
